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Abstract
We investigate the effect of scalar leptoquarks and family non-universal Z ′ boson on the rare
leptonic decays of B∗s,d mesons, mediated by the FCNC transitions b → (d, s)l+l−. They are
sensitive to a variety of new physics operators as opposed to the Bs,d leptonic modes and hence,
can provide an ideal testing ground to look for new physics beyond the standard model. We
work out the constraint on new physics parameter space using the measured branching ratios of
Bd,s → µ+µ− processes and the Bq − B¯q mixing data. Using the constrained parameters we
estimate the branching ratios of Bd,s → µ+µ− (e+e−) processes. We find that the branching
ratios are reasonably enhanced from their corresponding standard model values in the X(3, 2, 1/6)
leptoquark model and are expected to be within the reach of Run II/III of LHC experiments.
PACS numbers: 12.60.Cn, 13.20.He, 14.80.Sv
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I. INTRODUCTION
The standard model (SM) of particle physics is quite successful in explaining almost all
the observed data, except the tiny neutrino mass. Still there are a few reasons to believe
that it is a low energy effective theory and there must be some kind of new physics beyond
it. Furthermore, it contains some parameters which are unknown to an adequate level of
accuracy. It also does not provide any satisfactory answer to some of the fundamental
problems of nature, such as the matter dominance of the universe, hierarchy problem, dark
matter and dark energy components etc. Therefore, we need to go beyond the SM to
understand some of these open issues. In this context, the study of the weak decays of
B mesons provides an excellent testing ground to shed light on the nature of new physics
beyond the SM. Recently, several anomalies have been observed at the level of (3 − 4)σ in
the rare semileptonic B decays mediated through the FCNC transitions b → sll. These
include the well-known angular observable P ′5 in B → K∗µ+µ− decay distribution [1], the
lepton flavor non-universality parameter RK in B → Kll processes [2], the branching ratio
of Bs → φµµ [3], etc. Thus, it is quite natural to expect that, if these deviations are due
to the interplay of some kind of new physics, such effects could also have an impact in
other observables associated with b → s transitions. Therefore, it is utmost important to
scrutinize as many such observables as possible to decipher the presence of new physics.
In this regard, some of the most important decay channels are Bs,d → l+l−, which are
highly suppressed in the SM as they proceed through one-loop penguin and box diagrams.
Such processes also further suffer from helicity suppression. However, these processes are
theoretically very clean as the only hadronic parameter involved is the decay constant of
B meson, which can be precisely known from lattice calculations. The branching ratios of
these decay modes are recently measured by CMS [4] and LHCb experiments [5] and the
corresponding updated average values are given by [6]
BR(Bs → µ+µ−) =
(
2.8+0.7−0.6
)× 10−9,
BR(Bd → µ+µ−) =
(
3.9+1.6−1.4
)× 10−10 , (1)
which are almost in agreement with the SM predictions [7]
BR(Bs → µ+µ−)|SM = (3.65± 0.23)× 10−9,
BR(Bd → µ+µ−)|SM = (1.06± 0.09)× 10−10 . (2)
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But certainly they do not rule out the possible existence of NP as the experimental un-
certainties are rather large. Even though there is no direct CP violation observed in these
modes but the time dependent oscillation between the B0s and B¯
0
s states (B
0
s − B¯0s mixing)
may generate the mixing induced CP violation. The effect of CP violation in these processes
has been studied in the literature [8, 9] to reveal the signature of new physics.
In this paper, we would like to investigate the rare leptonic decay processes B∗s,d →
µ+µ−(e+e−), mediated by the FCNC transitions b→ s, d in the scalar leptoquark (LQ) and
the family non-universal Z ′ models. The vector mesons B∗s,d have the same quark content
as the Bs,d pseudoscalar mesons but their |∆B| = 1 transitions have different sensitivities
to the short-distance structure. Furthermore, the leptonic decays of B∗s,d mesons are not
helicity suppressed and could have significant branching ratios. These decay modes are
recently investigated in the SM in Ref. [10] and here we are interested to study the effect
of new physics in these processes. This in turn could possibly provide an alternate way
to get the hints of new physics from the observation of these processes. Experimentally,
only the radiative decay modes of these vector mesons i.e., B∗s,d → Bs,dγ [11] transitions are
observed. In the SM, the branching ratios of B∗s,d → µ+µ− processes are of the order of
O(10−13 − 10−12), if the decay widths of B∗s,d → Bs,dγ modes are considered as (100− 300)
eV [12, 13]. However, for narrower decay widths of B∗s,d → Bs,dγ processes, the branching
ratios would be improved, which may not be too far away from Bs,d → µ+µ− processes.
In this work, we would like to see how the new physics arising from both scalar LQ and
family non-universal Z ′ model affect the branching ratios of these processes. LQs are color
triplet bosonic particles which couple to quarks and leptons simultaneously and contain
both baryon and lepton quantum numbers. They allow quark-lepton transitions at tree
level and thus, explain the quark-lepton universality. The LQs can have spin 0 (scalar) or
spin 1 (vector) and can be characterized by their fermion no (F = 3B + L) and charge.
Scalar LQs can exist in TeV scale in the extended SM [14] such as Grand Unified Theories
(GUTs) [14, 15], Pati-Salam model, quark-lepton composite model [16] and the extended
technicolor model [17]. The baryon and lepton number violating LQs would have mass near
the unification scale to avoid rapid proton decay. However, the baryon and lepton number
conserving LQs could be light enough to be accessible in accelerator searches and they also
do not induce proton decay. In this work, we consider a simple minimal renormalizable
scalar LQ model, which is invariant under the SU(3)C × SU(2)L × U(1)Y gauge group and
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study the implications of the scalar LQs on the rare leptonic decays of B∗q mesons. The
effects of scalar LQs in the B-sector have been studied extensively in the literature [18–22].
The Z ′ boson is a hypothetical color singlet gauge boson, which could be naturally derived
from the extension of electroweak symmetry of the SM by adding additional U(1)′ gauge
symmetry. The Z ′ gauge boson is predicted in many extended SM theories such as super-
string theories, grand unified theories, theories with large extra dimensions and E6 models
[23]. Among all the relevant Z ′ models, the family non-universal Z ′ model [24] is the sim-
plest one to explore the discrepancies between the observed data and the corresponding SM
predicted values in some of the observables associated with b → sl+l− processes. It should
be noted that the FCNC b→ s, d transitions could be induced by family non-universal U(1)′
gauge boson at tree level and can instigate new weak phase, which could explain the ob-
served CP anomalies in the current experiments. Intriguingly the well known “πK puzzle”
in the hadronic B → πK decays [25] and other anomalies associated with b → sµµ transi-
tions observed at LHCb could be explained in the Z ′ model. The theoretical framework of
the heavy new Z ′ gauge boson and its implications in various rare decay processes has been
investigated in the literature [24–30]. In this paper, we will scrutinize the Z ′ contribution to
the rare B∗s,d → µ+µ− processes with the allowed parameter space constrained by Bq − B¯q
mixing.
The paper is organized as follows. In section II, we discuss the effective Hamiltonian
describing the b → (s, d)l+l− transitions and calculate branching ratios of B∗s,d → µ+µ−
processes in the standard model. The new physics contribution to these processes due to
the scalar LQ exchange and the constraint on LQ parameter space from Bs,d → µ+µ− are
discussed in section III. In section IV, we obtain the branching ratios of B∗s,d → µ+µ−
processes in the family non-universal Z ′ model using the bounds on Z ′ couplings from the
Bq − B¯q mixing. Section V contains our Summary and Conclusion.
II. B
(∗)
q → µ+µ− DECAY PROCESSES
The rare leptonic decays Bq → l+l−, mediated by the FCNC transitions b→ ql+l− (q =
d, s) are theoretically cleanest B decays. These decays are strongly suppressed in the SM
due to Glashow-Iliopoulos-Maiani (GIM) mechanism and occur only at one-loop level. Since
the initial particle is a pseudoscalar meson and the final state involves a pair of leptons,
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these decays encounter additional helicity suppression. However, the corresponding leptonic
decays of vector mesons B∗q don’t suffer from such helicity suppression. The B
(∗)
q meson decay
constant is the only non-perturbative quantity involved in the description of these processes
which can be reliably calculated using non-perturbative methods such as QCD sum rules,
lattice gauge theory and so on. The most general effective Hamiltonian describing b→ ql+l−
processes in the SM is given as [31, 32]
Heff = −GF√
2
[
λ
(q)
t H(t)eff + λ(q)u H(u)eff
]
+ h.c., (3)
where
H(u)eff = C1(Oc1 −Ou1 ) + C2(Oc2 −Ou2 ),
H(t)eff = C1Oc1 + C2Oc2 +
10∑
i=3
CiOi . (4)
Here GF is the Fermi constant and λ
(q)
q′ = Vq′bV
∗
q′q (q
′ = t, u) are the product of Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements. The Ci’s are the Wilson coefficients of the
respective six dimensional operators Oi’s evaluated at the renormalization scale µ = mb [32]
in the next-to-next-leading order. The tree level current-current operators O1,2, the QCD
penguin operators O3,..,6 and the chromo-magnetic operator O8 do not contribute to the
leptonic processes involving b → qll transitions. They receive contributions only from the
electric dipole operators O(′)7 and the semileptonic operators O(′)9,10, which are defined as
O(′)7 =
e
16π2
[
s¯σµν(msPL(R) +mbPR(L))b
]
F µν ,
O(′)9 =
α
4π
(
s¯γµPL(R)b
) (
l¯γµl
)
, O(′)10 =
α
4π
(
s¯γµPL(R)b
) (
l¯γµγ5l
)
, (5)
where PL(R) = (1 ∓ γ5)/2 are the projection operators and α denotes the fine structure
constant. The right-handed chiral operators are absent in the SM and can only be generated
in various new physics scenarios. The matrix elements of the quark level operators are related
to B
(∗)
q meson decay constants as follows:
〈0|q¯γµγ5b|Bq(pBq)〉 = −ifBqpµBq ,
〈0|q¯γµb|B∗q (pB∗q , ε)〉 = fB∗qmB∗q εµ,
〈0|q¯σµνb|B∗q (pB∗q , ε)〉 = −ifTB∗q (p
µ
B∗q
εν − εµpνB∗q ). (6)
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Here εµ is the polarization vector of the B∗q and fB(∗)q are the decay constant of B
(∗)
q mesons
which in the heavy quark limit are related as [33],
fB∗q = fBq
(
1− 2αs
3π
)
, fTB∗q = fBq
[
1 +
2αs
3π
(
log
(mb
µ
)
− 1
)]
. (7)
Now considering the renormalization scale is of the order of mass of b quark (µ = mb) and
neglecting the higher order QCD corrections, one can obtain
fB∗q = f
T
B∗q
≃ fBq . (8)
Thus, the branching ratios of Bq → µ+µ− processes in the SM are given as
BR(Bq → µ+µ−) = G
2
F
16π3
τBqα
2f 2BqmBqm
2
µ|VtbV ∗tq|2 |C10|2
√
1− 4m
2
µ
m2Bq
. (9)
Analogously, with Eqns. (3 - 6), the transition amplitudes for B∗q → µ+µ− processes in the
SM are given by [10, 34]
M = −GFα√
2π
VtbV
∗
tqfB∗qmB∗q ε
µ
[(
Ceff9 + 2
mb
mB∗q
Ceff7
)
(µ¯γµµ) + C10 (µ¯γµγ5µ)
]
, (10)
and the corresponding decay widths as
Γ(B∗q → µ+µ−) =
G2Fα
2
96π3
|VtbV ∗tq|2f 2B∗qm2B∗q
√
m2B∗q − 4m2l
[∣∣∣Ceff9 + 2 mbmB∗q Ceff7
∣∣∣2 + ∣∣∣C10∣∣∣2
]
. (11)
It should be noted that the B∗q → µ+µ− processes are sensitive to the Ceff7,9 Wilson coefficients,
i.e., O7 and O9 operators, whereas the contributions from these operators vanish in the case
of corresponding pseudoscalar meson decay processes. The detailed calculation of B∗q →
µ+µ− processes in the SM can be found in [10]. For numerical calculation, we have taken
the particle masses and the CKM matrix elements (in Wolfenstein parametrization) from
[11] and the decay constants of B
(∗)
q mesons as fBs = 225.6± 1.1± 5.4 MeV and fBs/fBd =
1.205± 0.004± 0.007 from Ref. [35] and obtained the decay rates as
Γ(B∗s → µ+µ−)|SM = (1.19± 0.13 (CKM)± 0.04 (decay const.))× 10−18 GeV,
Γ(B∗d → µ+µ−)|SM = (3.71± 0.40 (CKM)± 0.09 (decay const.))× 10−20 GeV . (12)
In order to compute the branching ratios, we need to know the total width of B∗s,d bosons.
However, these are neither measured nor precisely known theoretically. Assuming these
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widths to be coincide with the widths of the flavour-conserving radiative decays, i.e., ΓtotB∗
s,d
≃
Γ(B∗s,d → Bs,dγ), one can write
ΓtotB∗q ≃ Γ(B∗q → Bqγ) =
α
24
|gB∗qBqγ |2
(
m2B∗q −m2Bq
mB∗q
)3
, (13)
where the coupling gB∗qBqγ is related to the matrix elements of the radiative transitions
through
〈Bq(p)γ(q, ǫ′)|B∗q (p+ q, ε)〉 =
√
4πα gB∗qBqγ ε
µναβǫ′∗µ qνεαpβ . (14)
These couplings have a simplified parametrization in the heavy hadron chiral perturbation
theory (ChPT) [36] as
gB∗qBqγ ≃
Qb
mB∗q
+
Qq
µq
, (15)
where Qb(q) is the charge of the b(light quark q = d, s) and µq is a non-perturbative pa-
rameter. As discussed in Ref. [37], relation (15) describes well the measured widths of
D∗0,+ → D0,+γ decays, provided the parameters µu,d would have the value in the range
µu,d ≃ 420− 430 MeV. Using the same value of µu,d, the width for B∗d meson is found to be
[37]
Γ(B∗d → Bdγ) ≃ 0.2 KeV . (16)
For B∗s width, using the SU(3)-breaking effect to relate µs to µu,d as µs = µu,d(m
2
ρ/m
2
φ), one
can obtain
Γ(B∗s → Bsγ) ≃ 0.07 KeV . (17)
Recently, using the relativized quark models Godfrey et al. [38] have obtained these decay
widths as
Γ(B∗d → Bdγ) = 1.23 KeV ,
Γ(B∗s → Bsγ) = 0.313 KeV . (18)
Since these widths are not yet precisely known, we will present the branching ratios with
the values of decay widths as given in Eqns. (16) and (17), which can be simply rescaled for
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any other values. Thus, the branching ratios of B∗s,d → µ+µ− processes in the SM are
BR(B∗s → µ+µ−)|SM = (1.7± 0.21)
(
0.07 KeV
ΓtotB∗s
)
× 10−11,
BR(B∗d → µ+µ−)|SM = (1.86± 0.21)
(
0.2 KeV
ΓtotB∗
d
)
× 10−13 , (19)
respectively. The predicted branching ratios are sizeable and about two orders lower than
the branching ratios of Bs,d → µ+µ− processes.
The search for new physics signals in these decay modes would not only be restricted to
the branching ratios, but one can also examine additional observables which are sensitive to
new physics. For that purpose we consider the ratio of various combination of the branching
ratios of pseudoscalar and vector (B
(∗)
s,d) mesons leptonic decays. Recently LHCb has observed
2.6σ discrepancy in the ratio of B+ → K+µ+µ− to B+ → K+e+e− branching ratios [39].
Analogously, we define the ratio of branching ratios of B∗q → l+l− processes into dimuon
over dielectron as
RB∗q =
BR
(
B∗q → µ+µ−
)
BR
(
B∗q → e+e−
) =
√
1− 4m2µ/m2B∗q√
1− 4m2e/m2B∗q
, (20)
which can probe lepton flavour dependent term in and beyond SM. In the SM, the violation of
lepton universality is negligible and RB∗q is around 0.999 for B
∗
s,d decays. One can consider
another observable, which is the ratio of decay rates of B∗d → µ+µ− over B∗s → µ+µ−
processes and its value in the SM is found to be 0.017. The measured value of the analogous
observable in the pseudoscalar meson case (i.e., the ratio of branching ratios of Bd → µ+µ−
to Bs → µ+µ− decay processes), by the CMS and LHCb is 0.14+0.08−0.06 [6] which has 2.3σ
deviation from the SM prediction 0.0295+0.0028−0.0025 [7].
III. NEW PHYSICS CONTRIBUTIONS DUE TO SCALAR LEPTOQUARK EX-
CHANGE
The SM effective Hamiltonian (3) can receive additional contributions from the scalar
LQ exchange. Here we consider the minimal renormalizable scalar LQ model which are
invariant under the SM gauge group SU(3)C×SU(2)L×U(1)Y and conserve baryon number
in perturbation theory. There are two such relevant LQ multiplets X = (3, 2, 7/6) and
(3, 2, 1/6), which have sizeable Yukawa couplings to the matter and do not allow proton
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decay. These scalar LQs potentially contribute to the quark level transitions b→ (s, d)l+l−
and thus, one can constrain the underlying couplings from the experimental measurements
on Bs,d → µ+µ−. The interaction Lagrangian for b → qµ+µ− (q = d, s) transitions due to
the exchange of X(3, 2, 7/6) scalar LQs with the SM fermion bilinear is given by [18]
L = −λiju u¯iRXT ǫLjL − λije e¯iRX†QjL + h.c., (21)
where i, j are the generation indices, X = (V, Y )T is the LQ doublet, QL (LL) denotes the
left handed quark (lepton) doublet, the right-handed up-type quark (charged lepton) singlet
is represented by uR (eR) and ǫ = iσ2 is a 2 × 2 matrix. Expanding the SU(2) indices the
interaction Lagrangian (21) takes the form
L = −λiju u¯iαR(VαejL − YανjL)− λije e¯iR
(
V †αu
j
αL + Y
†
αd
j
αL
)
+ h.c. , (22)
which after performing the Fierz transformation and then comparing with the SM effective
Hamiltonian (2) yields the new Wilson coefficients
CLQ9 = C
LQ
10 = −
π
2
√
2GFαVtbV ∗tq
λ23µ λ
2k
µ
∗
M2Y
, (23)
where k = 1 or 2 depending on the down type quark q = d or s, λiju,e are the LQ couplings
analogous to the Yukawa couplings and Yα and Vα are the LQ fields.
Similarly the interaction Lagrangian for X(3, 2, 1/6) scalar LQ is
L = −λijd d¯iαR(VαejL − YανjL) + h.c. , (24)
which provides the new Wilson coefficients corresponding to the right-handed chiral (primed)
operators O′9 and O′10 as
C
′LQ
9 = −C
′LQ
10 =
π
2
√
2 GFαVtbV ∗tq
λk2q λ
32
b
∗
M2V
. (25)
Now comparing the SM theoretical predicted values (2) with the corresponding experimental
results (1) for the branching ratios of Bs,d → l+l− processes, one can obtain the constraints
on the new Wilson coefficients C
(′)LQ
9,10 generated in the LQ model. In Table I, we present the
bounds on the product of LQ couplings obtained from various Bs,d meson decays [19]. Since
there exists only the upper bounds on the branching ratios for Bs,d → e+e− processes, the
constraints on the corresponding LQ couplings are found to be imprecise.
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The decay width of B∗q → µ+µ− process in the LQ model is
Γ(B∗q → µ+µ−) =
G2Fα
2
96π3
|VtbV ∗tq|2f 2B∗qm2B∗q
√
m2B∗q − 4m2l
×
[∣∣∣(Ceff9 + CLQ9 − C ′LQ9 ) + 2 mbmB∗q Ceff7
∣∣∣2 + ∣∣∣CSM10 + CLQ10 − C ′LQ10 ∣∣∣2
]
. (26)
Now using the values of the new Wilson coefficients from (23) and (25) with the constrained
LQ couplings from Table-I, the branching ratios of B∗s,d → µ+µ−(e+e−) processes both in the
X(3, 2, 7/6) and X(3, 2, 1/6) leptoquark model are shown in Table II. From these results, one
can see that there is reasonable enhancement from the SM values of the branching ratios due
to the effect of X(3, 2, 1/6) leptoquark. Even though there is no lepton universality violation
in the SM, the additional LQ particles provide significant deviation from the SM and point
towards the presence of lepton non-universality in these decays. The lepton non-universality
factor for B∗s leptonic decay is found to be (0.73 − 0.999) in X(3, 2, 7/6) leptoquark model
and (0.62− 0.999) for X(3, 2, 1/6) leptoquark model.
We now briefly present the experimental feasibility of these decay modes in the currently
running or upcoming experiments. Because of the large production rate of bb¯ pairs in high-
energy pp collisions, the B∗s → µµ mode is more promising at LHC compared to Super
B-factories, where one expects to have not more than 5 × 108 B∗s mesons after 5 ab−1 at
Υ(5S) [40]. As discussed in [10], let us assume that around 100 Bs → µµ events will be
observed from the Run-I LHC data (combined analysis of 3 fb−1 LHCb and 25 fb−1 CMS).
LHC Runs II and III will provide ∼ 10 times more data [41] and also the production rate
of bb¯ rate will be boosted by a factor of 2 due to higher cross section at
√
s = 14 TeV.
Furthermore, after the high-luminosity upgrade of LHC (HL-LHC), a factor of ∼ 10 more
data is expected. Taking into account all these factors, we expect around ∼ 3×103 (3×104)
Bs → µµ events by the end of Run III (HL-LHC phase). Since the branching ratio of
B∗s → µµ is roughly two order lower than the corresponding Bs → µµ process, around 30
(300) events are expected to be observed by the end of LHC Run III (HL-LHC). However, if
the width of B∗s → Bsγ is found to be very narrow, i.e., in the eV range, then the expected
number of events will increase.
10
TABLE I: Constraints on scalar leptoquark couplings from various leptonic Bs,d → l+l− decays,
where l = e, µ.
Decay Process Couplings involved Upper bound of
the couplings (GeV−2)
Bs → µ±µ∓ |λ
32λ22
∗
|
M2
S
≤ 5× 10−9
Bs → e±e∓ |λ
31λ21
∗
|
M2
S
< 2.54× 10−5
Bd → µ±µ∓ |λ
32λ12
∗
|
M2
S
(1.5 − 3.9) × 10−9
Bd → e±e∓ |λ
31λ11
∗
|
M2
S
< 1.73× 10−5
TABLE II: The predicted branching ratio of the rare B∗s,d → l+l− decays in the SM and the LQ
model.
Decay process Predicted SM Values Values in Y = 1/6 LQ model Values in Y = 7/6 model
B∗s → µ+µ− (1.7 ± 0.2)× 10−11 (1.7 − 3.19) × 10−11 (1.7 − 1.93) × 10−11
B∗s → e+e− (1.7 ± 0.2)× 10−11 ≤ 6.17 × 10−5 ≤ 6.17 × 10−5
B∗d → µ+µ− (1.86 ± 0.21) × 10−13 (2.38 − 8.99) × 10−13 (2.47 − 5.4) × 10−13
B∗d → e+e− (1.86 ± 0.21) × 10−13 ≤ 6.57 × 10−6 ≤ 6.57 × 10−6
IV. B∗s,d → µ+µ− DECAY PROCESS IN Z ′ MODEL
In the Z ′ model, the FCNC transitions b→ ql+l−, occur at the tree level and the effective
Hamiltonian is given as [26, 27]
HZ′eff(b→ ql+l−) = −
2GF√
2
VtbV
∗
tq
(
g2MZ
g1MZ′
)2 [
− B
L
qbB
L
ll
VtbV
∗
tq
(q¯b)V−A(l¯l)V−A
− B
L
qbB
R
ll
VtbV ∗tq
(q¯b)V−A(l¯l)V+A
]
+ h.c. . (27)
Analogous to the SM effective Hamiltonian (3), one can write the Hamiltonian for Z ′ model
as
HZ′eff (b→ ql+l−) = −
GF√
2
VtbV
∗
tq
[
CZ
′
9 O9 + CZ
′
10O10
]
+ h.c. , (28)
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where the new Wilson coefficients (CZ
′
9,10) are given as
CZ
′
9 (MW ) = −2
(
g2MZ
g1MZ′
)2 BLqb
VtbV ∗tq
(BLll +B
R
ll ) , (29)
CZ
′
10 (MW ) = 2
(
g2MZ
g1MZ′
)2 BLqb
VtbV ∗tq
(BLll −BRll ) . (30)
Thus, including these additional contributions arising from the Z ′ model to the B∗q → µ+µ−
processes, the decay width becomes
Γ(B∗q → µ+µ−) =
G2F
24π3
|VtbV ∗tq|2f 2B∗qm2B∗q
√
m2B∗q − 4m2µ(∣∣∣∣∣ α2π
(
Ceff9 + 2
mb
m∗Bq
Ceff7
)
− 2
(
g2MZ
g1MZ′
)2 BLqb
VtbV
∗
tq
(BLµµ +B
R
µµ)
∣∣∣∣∣
2
+
∣∣∣∣∣ α2πCSM10 + 2
(
g2MZ
g1MZ′
)2 BLqb
VtbV ∗tq
(BLµµ −BRµµ)
∣∣∣∣∣
2)
. (31)
If both the U(1) groups have the same origin from some grand unified theory, then one
can consider g2/g1 ∼ 1. The mass ratio of the SM Z and the heavy Z ′ gauge boson is
MZ/MZ′ ∼ 0.1 for a TeV-scale Z ′. The chiral couplings of Z ′ to leptons (BL,Rll ) are assumed
to have the form as the coupling of SM Z boson to leptons [29]
BLll = T
L
3l − sin2 θWQl, BRll = TR3l − sin2 θWQl, (32)
where TL3l (T
R
3l ) is the third component of weak isospin for the left (right) chiral component
of fermions, Ql is the charge of the fermion and θW is the weak mixing angle. For all the
charged lepton families, TL3l = −12 and TR3l = 0.
Next, we need to know the constraint on BLqb, i.e., FCNC coupling of Z
′ to q and b quarks,
which can be obtained from Bq− B¯q mixing parameters, as discussed in the next subsection.
A. Constraint on Z ′ couplings from the Bq − B¯q mixing
In this subsection we estimate the constraints on Z ′ couplings from the mass difference
between the Bq-meson mass eigenstates, which characterizes the Bq−B¯q mixing phenomena.
Meson-antimeson mixing is sensitive to heavy degrees of freedom that propagate in the
mixing amplitudes. In the SM, the Bq − B¯q mixing occurs through one-loop level box
diagram with top quark and W -boson in the loop. The |∆B = 2| effective Hamiltonian for
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Bq − B¯q mixing in the SM is given by [26, 42]
HSMeff (∆B = 2) =
G2F
16π2
M2W (VtbV
∗
tq)
2CLL(µb)OLL + h.c. , (33)
where the operator OLL is defined as [28]
OLL = [s¯γµ(1− γ5)b][s¯γµ(1− γ5)b] , (34)
and CLL is the corresponding loop function. The Bq−B¯q mixing amplitude (MSM12 ), corrected
up to next-to-leading order (NLO) in QCD is given as [26, 28]
MSM12 (q) =
1
2mBq
〈B0q |HSMeff (△B = 2)|B¯0q 〉
=
G2F
12π2
M2W (VtbV
∗
tq)
2(BˆBqf
2
Bq
)mBqηBS0(xt)
[
αs(µb)
]− γ(0)Q
2β0
[
1 +
αs(µb)
4π
J5
]
, (35)
where we have used the vacuum insertion method to evaluate the matrix element as
〈B¯q|OLL|Bq〉 = 8
3
BˆBqf
2
Bq
m2Bq . (36)
Here BˆBq is the bag parameter, xt = (mt/MW )
2 and the “Inami-Lim” loop function S0(xt)
is
S0(xt) =
4xt − 11x2t + x3t
4(1− xt)2 −
3x3t ln xt
2(1− xt)3 . (37)
The parameters quoted in (35) have values γ
(0)
Q = 4, β0 = 23/3 and J5 = 1.627 [42]. The
mass difference between the heavy and light mass eigenstates, which describes the strength
of the Bq−B¯q mixing is related to the mixing amplitude through ∆Mq = 2|MSM12 |. Now using
the particle masses from [11], ηB = 0.551, the bag parameter BˆBs = 1.320 ± 0.017 ± 0.03
and BˆBs/BˆBd = 1.023 ± 0.013 ± 0.014 from [35], the mass difference of ∆Ms and ∆Md in
the SM are found to be
∆MSMs = (17.426± 1.057) ps−1,
∆MSMd = (0.57± 0.0056) ps−1, (38)
respectively and their corresponding experimental values are [11]
∆Ms = (17.761± 0.022) ps−1, ∆Md = (0.51± 0.003) ps−1. (39)
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Although there is no noticeable difference in the mass difference between the theoretical
predictions and the corresponding experimental values, the ratio of the experimental and
SM values are found to be
∆Ms/∆M
SM
s = (1.019± 0.062) , ∆Md/∆MSMd = (0.895± 0.01) . (40)
We use these values to constrain the new physics parameter space of the family non-universal
Z ′ model. In this model the Bq − B¯q mixing can occur at tree level and the corresponding
effective Hamiltonian is given as [28]
HZ′eff =
GF√
2
(
g2MZ
g1MZ′
BLqb
)2
OLL(mb) ≡ GF√
2
(ρLq )
2e2iφ
L
qOLL(mb) , (41)
where BLqb is the flavour-off-diagonal left handed FCNC bL−qL−Z ′ couplings to the bottom
and other down type quark and MZ′ is the mass of the new Z
′ gauge boson. Here g2 and
g1 are the gauge couplings of Z
′ and Z bosons respectively and g1 = e/(sin θW cos θW ). The
parameter ρLq is defined as
ρLq =
g2MZ
g1MZ′
BLqb, (42)
and φLq is the weak phase in the Z
′ model. Here we ignore the Z − Z ′ mixing for simplicity
and assume that there is no remarkable renormalization group evolution effects between the
MZ′ and MW scale. After RG evolution from MW scale to mb scale, the contribution due to
additional Z ′ gauge boson exchange to the mass difference MZ
′
12 is given by [26, 28]
MZ
′
12 (q) =
GF
2
√
2
|ρLq |2ei2φ
L
q
8
3
mBq(BˆBqf
2
Bq
)
[
αs(µW )/αs(µb)
]γ(0)Q
2β0
[
1+
αs(µb)− αs(µW )
4π
J5
]
. (43)
Thus, including both SM and Z ′ couplings, the total contributions to the mass difference is
given by
∆Mq = ∆M
SM
q +∆M
Z′
q
= ∆MSMq
∣∣∣∣∣1 + 8
√
2π2U ′LL
M2WGF |VtbV ∗tq|2ηBS0(xt)
(ρLq )
2ei2φ
L
q
∣∣∣∣∣ , (44)
with
U ′LL ≡
[
αs(µW )
] γ(0)Q
2β0
[
1− αs(µW )
4π
J5
]
. (45)
The constraints on ρLq , (q = s, d) parameter space can be obtained by varying the ratio of
mass difference (∆Mq/∆M
SM
q ) within its 2σ allowed range as shown in Fig. 1. Here the left
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plot represents the constraint due to the Bs − B¯s mixing and the right plot for the Bd − B¯d
mixing. From these plots, the constraint on ρLs for the entire range of φ
L
s in Bs − B¯s mixing
is found to be
0 ≤ ρLs ≤ 0.5× 10−3 for 0 ≤ φLs ≤ π . (46)
Similarly for Bd − B¯d mixing case the bound is
1× 10−4 ≤ ρLd ≤ 1.25× 10−4 for π/3 ≤ φLd ≤ 2π/3. (47)
After knowing the constraints on the Z ′ couplings to quarks (BLqb), we now proceed to
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FIG. 1: The allowed region of ρLq and φ
L
q obtained from the mass difference between Bq-meson
mass eigenstates. The left panel corresponds to the constraints from the Bs− B¯s mixing and right
panel is for Bd − B¯d mixing.
calculate the branching ratios for B∗q → µ+µ− processes. Using the values from (46) and
(47), the branching ratios for B∗s,d → µ+µ− processes are found to be
BR(B∗s → µ+µ−)|Z′ = (1.7− 2.2)
(
0.07 KeV
ΓB∗s
)
× 10−11,
BR(B∗d → µ+µ−)|Z′ = (1.67− 2.23)
(
0.2 KeV
ΓB∗
d
)
× 10−13. (48)
The effect of Z ′ boson to the branching ratios of leptonic decays B∗q → µ+µ− is very marginal,
and the predicted branching ratios are almost comparable to the corresponding SM values.
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V. CONCLUSION
In this paper, we have studied the pure leptonic decay processes of B∗s,d vector mesons in
the scalar leptoquark and family non-universal Z ′ models and estimated the branching ratios
of B∗s,d → µ+µ− (e+e−) processes. These decays are not chirally suppressed and sensitive to
the semileptonic operator O7, O9 and O10, which could provide information of new physics
at the TeV scale. These decay modes are recently studied in the SM in Ref. [10]. The SM
branching ratios of B∗s,d → µ+µ− processes are found to be of the order ofO(10−11)/O(10−13),
which are roughly two order lower than the Bs,d → µ+µ− processes. So these modes are
expected to be observed in the Run III of LHC experiments. For the LQ sector, we consider
both the X(3, 2, 7/6) and X(3, 2, 1/6) relevant LQ models. The leptoquark parameter space
is constrained by using the branching ratios of Bs,d → µ+µ− (e+e−) processes and the Z ′
couplings are constrained by the Bq − B¯q mixing parameters. The X(3, 2, 1/6) LQ provides
significant enhancement to B∗s,d → µ+µ− processes in comparison to the X(3, 2, 7/6) LQ
and Z ′ models. The observation of these decay modes in LHC experiments will definitely
shed light on the nature of new physics beyond the SM.
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